Introduction {#s1}
============

Metformin (1,1-dimethylbiguanide hydrochloride) originally derived from French lilac, is the most widely used oral hypoglycemic drug for treatment of type 2 diabetes [@pone.0087979-Witters1], [@pone.0087979-Rattan1]. Accumulating evidences in recent years clearly showed that metformin possesses significant anti-cancer effects [@pone.0087979-Rattan1]--[@pone.0087979-Jiralerspong1]. For instance, the incidences of various cancer and cancer-related mortality have been found to be markedly lower in type 2 diabetic patients treated with metformin than in those treated with other types of anti-diabetes drugs [@pone.0087979-Evans1],[@pone.0087979-Li1]. Furthermore, metformin enhanced the response of cancers to neoadjuvant chemotherapy [@pone.0087979-Jiralerspong1]. Numerous pre-clinical studies have shown that metformin suppresses proliferation and induces apoptotic and clonogenic death in various cancer cells [@pone.0087979-Jiralerspong1]--[@pone.0087979-Zakikhani1]. Metformin has also been shown to prevent lung tumorigenesis caused by tobacco carcinogens [@pone.0087979-Memmott1] and enhance the response of experimental tumors to chemotherapy [@pone.0087979-Hirsch1],[@pone.0087979-Iliopoulos1] and radiotherapy [@pone.0087979-Song1]. Randomized clinical trials evaluating the anti-cancer effectiveness of metformin are in progress [@pone.0087979-Rattan1].

A number of divergent cellular and molecular mechanisms have been proposed to account for the anti-cancer effects of metformin [@pone.0087979-Rattan1]--[@pone.0087979-BenSahra1],[@pone.0087979-Li1],[@pone.0087979-Dowling1]--[@pone.0087979-Memmott1],[@pone.0087979-Zakikhani2]--[@pone.0087979-Rattan2]. Metformin has been reported to disrupt oxidative phosphorylation in mitochondria, thereby decreasing ATP level and concomitantly increasing AMP level. The resultant increase in AMP/ATP ratio activates AMPK, an energy sensor, leading to inactivation of mTOR, which is known to promotes protein synthesis, cell growth, cell cycle progression and cell proliferation by activating downstream effectors signals such as S6K and 4EBP1 [@pone.0087979-Schmelzle1]. Therefore, the anti-cancer effect of metformin has been attributed to its ability to activate AMPK, thereby leading to down-regulation of mTOR. We have previously reported that ionizing radiation activated AMPK and that ionizing radiation and metformin synergistically activated AMPK and suppressed mTOR activity in both cultured cells in vitro and experimental tumors in vivo [@pone.0087979-Song1]. On the other hand, there are some indications that anti-cancer effect of metformin may be mediated by mechanisms independent of AMPK activation [@pone.0087979-Rattan1],[@pone.0087979-Rattan2].

It has become increasingly evident that small proportions of cancer cells are cancer stem cells (CSCs) (cancer stem cell-like cells or tumor initiating cells) [@pone.0087979-Song1],[@pone.0087979-Hirsch1],[@pone.0087979-Iliopoulos1],[@pone.0087979-AlHajj1]--[@pone.0087979-Bao1]. Such cells have been demonstrated to be resistant to conventional chemotherapy [@pone.0087979-Bao1]--[@pone.0087979-Frosina1] or radiotherapy [@pone.0087979-Song1],[@pone.0087979-Frosina1]--[@pone.0087979-Baumann1], and thus frequently survive the treatments. The surviving CSCs may then cause recurrence or metastases of cancer. Importantly, metformin has been shown to preferentially kills CSCs, compared to non-CSCs, both in vitro and in vivo [@pone.0087979-Rattan1],[@pone.0087979-Hirsch1],[@pone.0087979-Iliopoulos1],[@pone.0087979-VazquezMartin1]. Recent studies demonstrated that metformin inhibits cellular transformation and cancer stem cell growth by inhibiting the associated inflammatory response [@pone.0087979-Hirsch2] or by decreasing expression of CSC-specific gene [@pone.0087979-Bao3]. We have also reported that metformin preferentially kills CSCs, compared to non-CSCs, and increases the radiosensitivity of CSCs, and enhances the response of experimental tumors to radiotherapy [@pone.0087979-Song1].

It is well-established that moderate hyperthermia at 39--43°C kills cancer cells and sensitizes cancer cells to chemotherapy or radiotherapy [@pone.0087979-Sugahara1]--[@pone.0087979-Park1]. Interestingly, human breast CSCs have been reported to be resistant than non-CSCs to hyperthermia applied with water-bath whereas CSCs and non-CSCs were equally vulnerable to nanoparticle-mediated photothermal therapy [@pone.0087979-Burke1]. A recent study reported that human breast CSCs were resistant to radiotherapy, but hyperthermia with optically activated gold nanoshells markedly increased the sensitivity of CSCs to radiotherapy [@pone.0087979-Atkinson1],[@pone.0087979-Pelicci1]. In the present study, we show that metformin is preferentially cytotoxic to CSCs relative to non-CSCs and that hyperthermia markedly increases the metformin cytotoxicity against CSCs. For the first time, we observed that hyperthermia activates AMPK, thereby suppressing mTOR. Such an activation of AMPK by hyperthermia appeared to play an important role in the hyperthermia-induced potentiation of metformin cytotoxicity against cancer cells, particularly against CSCs.

Materials and Methods {#s2}
=====================

Cell lines {#s2a}
----------

MCF-7 (p53 wild-type) and MDA-MB-231 (p53 mutated) human breast cancer cells and MIA PaCa-2 human pancreatic cancer cells were obtained from the American Type Culture Collection (ATCC) (Manassas, VA).

Clonogenic cell survival {#s2b}
------------------------

Cells were plated into T25 plastic tissue culture flasks with 4 ml RPMI 1640 medium (GIBCO Invitrogen, Grand Island, NY) containing 10% (v/v) bovine fetal calf serum (FCS), penicillin (50 units/ml), and streptomycin (50 µg/ml). The cells were incubated overnight under standard tissue culture conditions (i.e., under a humidified 5% CO~2~ atmosphere at 37°C), and used for following experiments. *Effect of metformin alone*: Cells were incubated with 0.5--10 mM metformin for 48 h, gently rinsed twice with PBS, and cultured in regular medium under standard culture conditions for 18 days. The colonies formed were fixed, stained with crystal violet, the numbers of colonies containing more than 50 cells were counted, and clonogenic survival was calculated [@pone.0087979-Song1],[@pone.0087979-Park1]. *Effect of heating:* Culture flasks with cells were tightly closed, the neck area of flasks was wrapped with wax paper, and the flasks were immersed into a preheated water bath at 42°C [@pone.0087979-Park1]. After heating for 1 h at 42°C, cells were cultured under standard culture conditions and clonogenic survival was assessed. *Effect of combination of hyperthermia and metformin*: Cells were heated with 5 mM metformin at 42°C for 1 h, and then incubated at 37°C for 47 h. After removing metformin and rinsing twice with PBS, cells were cultured in regular medium under standard culture conditions, and clonogenic survival was assessed. *Effect of low doses of metformin*. The plasma concentration of metformin in type 2 diabetes patient treated with metformin is constantly elevated to 6--30 µM. To mimic such a clinical situation, we cultured breast cancer cells in mediate containing 30 µM metformin for 18 days and determined the clonogenic survival. Fever-range whole-body hyperthermia in combination with chemotherapy is one of the cancer therapy modalities [@pone.0087979-Bull1]. We therefore investigate the combined effect of fever-range hyperthermia with 30 µM metformin by heating the cells at 39.5°C for 6 h and culturing the cells for 18 day with 30 µM metformin at 37°C.

Cell proliferation and cell cycle distribution {#s2c}
----------------------------------------------

*Changes in cell numbers:* Into T25 plastic tissue culture flasks, about 6×10^4^ cells were plated, incubated overnight at 37°C, and then incubated with regular medium with 5 mM metformin. After incubation for varying lengths of time, cells were trypsinized and cells that excluded trypan blue were counted using a hemocytometer. The effect of hyperthermia on cell proliferation was studied by heating the cells in regular medium at 42°C for 1 h and then incubating at 37°C. The effect of a combination of metformin and hyperthermia on cell proliferation was studied by heating the cells at 42°C for 1 h with metformin and then incubating at 37°C with metformin. *Immunofluorescence microscopy for PCNA:* Cell proliferation was also assessed by immunohistological examination of PCNA (proliferating cell nuclear antigen) expression. Cells treated with metformin alone, heating alone or combined as described above, were fixed with 4% (v/v) paraformaldehyde at −20°C for 20 min, washed three times with PBS, and permeabilized with 0.2% (v/v) Triton X-100/PBS for 10 min. After treating with blocking buffer (3% \[w/v\] BSA/PBS) for 30 min at room temperature, cells were incubated overnight at 4°C with mouse monoclonal antibody directed against PCNA (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1∶100 in 1% (w/v) BSA/PBS. After washing three times with PBS, the cells were incubated with FITC-conjugated secondary antibody (1∶500) (Molecular Probes, Eugene, OR) for 1 h at room temperature. Cells were mounted on microscopy glass slides with mounting medium containing DAPI, and cell proliferation was assessed by measuring the fluorescence intensity of PCNA and DAPI with fluorescence microscopy. *Cell cycle distribution.* Cells were treated with metformin and heating alone or in combination as described above for cell proliferation experiment. The cells were then labeled with propidium iodide and the cell cycle distribution was assessed using flow cytometry.

Determination of CSCs of MCF-7 and MIA PaCa-2 cells {#s2d}
---------------------------------------------------

The CSCs of MCF-7 cells are known to express CD44^high^/CD24^low^ [@pone.0087979-Song1],[@pone.0087979-Hirsch1],[@pone.0087979-Iliopoulos1],[@pone.0087979-Bao1],[@pone.0087979-Phillips1],[@pone.0087979-VazquezMartin1]. The proportions of MCF-7 cells expressing CD44^high^/CD24^low^ before and after treatment with metformin alone, heating alone, or combined were determined. The CD44^high^/CD24^low^ cells were identified by the method we previously described [@pone.0087979-Song1]. Briefly, after treating the cells in culture flasks with metformin and heating alone or combined, cells were dispersed into single cells by trypsin treatment, washed, and suspended in PBS. Cells were next incubated for 20 min with FITC-conjugated anti-CD44 antibody (BD Biosciences, Franklin Lakes, NJ) followed by incubation with phycoerythrine-conjugated anti-CD24 antibody (BioLegend, San Diego, CA) for 20 min in the dark at 4°C. After washing with PBS containing 1% (v/v) FCS, CD44^high^/CD24^low^ cells were identified with flow cytometry [@pone.0087979-Song1],[@pone.0087979-Hirsch1],[@pone.0087979-Zhou1]--[@pone.0087979-Bao2],[@pone.0087979-VazquezMartin1], and the % of CD44^high^/CD24^low^ cells was estimated. The same method was applied to identify CD44^high^/CD24^high^ cells, which are CSCs of MIA PaCa-2 cells [@pone.0087979-Bao1].

Sphere Formation {#s2e}
----------------

CSCs are known to grow as spheres when cultured in suspension, and thus sphere formation has been used to identify CSCs [@pone.0087979-Song1]. MCF-7 cells were plated in special culture plates (ultralow attachment plate) (1000 cells/plate) in serum free RPMI medium supplemented with 20 ng/ml BGF, 20 ng/ml EGF, 5 µg/ml bovine insulin and 2% (v/v) B27. Metformin was added to the media (0.5--5 mM), the plates were sealed with wax-paper and then immersed into water-bath at 42°C for 1 h. Thereafter, the cells were incubated for 8 days under the standard culture conditions. The numbers of spheres with diameter \>50 µm were counted under a microscope [@pone.0087979-Song1].

Western blotting {#s2f}
----------------

After various treatments, i.e. metformin and heating alone or combined, cells were dissolved in lysis buffer containing protease inhibitors on ice for 30 min. The lysates were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose membranes. After blocking with 1% (w/v) nonfat dry milk in Tris-buffered saline with 0.05% (v/v) Tween 20, the membranes were incubated with primary antibody followed by a goat anti-rabbit or anti-mouse IgG conjugated with horseradish peroxidase, and the immunoreactive bands were visualized with chemiluminescence (SUPEX, NeuroNex, Korea). (All antibodies were obtained from Cell Signaling Technology, Beverly, MA).

Small interfering RNA transfection {#s2g}
----------------------------------

siRNA duplex targeting human AMPKα (5′-CCAUACCCUUGAUGAAUUA-3) was purchased from Dharmacon (Lafayette, CO). Transfection of cells with the siRNA duplexes at 50 nM final concentrations was performed using LipofectAMINE 2000 (Invitrogen). AccuTarget™ siRNA (Invitrogen, Carlsbad, CA) was used as a negative control.

Statistics {#s2h}
----------

Statistical significance of variances between group means was analyzed using either Student *t* test or ANOVA. Differences with p\<0.05 were considered to be statistically significant.

Results {#s3}
=======

AMPK/mTOR pathway {#s3a}
-----------------

[Figure 1](#pone-0087979-g001){ref-type="fig"} shows the effects of heating alone and metformin alone or in combination on the AMPK/mTOR signaling pathway. In MCF-7 cells, heating at 42°C for 1 h and subsequent incubation at 37°C for 47 h caused a gradual activation of AMPK, as shown by an increase in the extent of phosphorylation of the protein, over the 48 h incubation. Heating also significantly increased the phosphorylation of ACC, a known target of AMPK, but suppressed the phosphorylation of mTOR and its downstream effector S6K. [Figure 1B](#pone-0087979-g001){ref-type="fig"} shows that a 48 h incubation with 5 mM metformin at 37°C increased the levels of p-AMPK and p-ACC and suppressed the expression of p-mTOR and p-S6K. Heating the cells at 42°C for 1 h with 5 mM metformin followed by incubation at 37°C markedly upregulated p-AMPK and downregulated p-mTOR and p-S6K. The effects of heating alone, metformin alone or the combination on the activation of AMPK/mTOR signaling pathway in MDA-MB-231 cells ([Figs. 1C and D](#pone-0087979-g001){ref-type="fig"}) were essentially identical to those in MCF-7 cells. The effects of heating at temperatures lower than 42°C alone or in combination with 5 mM metformin on the expression of AMPK/mTOR pathways are shown in [Figure 1E](#pone-0087979-g001){ref-type="fig"}. Heating at 39.5--41°C for 1 h upregulated p-AMPK and downregulated p-mTOR in temperature dependent manner. Combinations of heating at 39.5--41°C and 5 mM metformin were significantly more effective than heating or metformin alone to activate AMPK/mTOR pathway. Incubation of MCF-7 cells for 6 h with 30 µM metformin alone at 37°C or heating at 39.5°C for 6 h activated AMPK/mTOR pathway and combination of 30 µM metformin treatment with 39.5°C heating markedly upregulated AMPK/mTOR pathway ([Fig. 1F](#pone-0087979-g001){ref-type="fig"}).

![Western blotting of AMPK/mTOR pathway in MCF-7 and MDA-MB-231 cells treated with hyperthermia and metformin.\
(A, C) Cells were heated at 42°C for 1 h and then incubated at 37°C for 47 h (total 48 h treatment). (B, D) The effects of metformin alone were studied by incubating cells with 5 mM metformin for 48 h at 37°C. The combined effects of metformin and heating were studied by heating the cells at 42°C for 1 h with 5 mM metformin and then incubating at 37°C for 47 h. (E) The combined effects of metformin and heating were studied by heating the cells at 39.5--41°C for 1 h with 5 mM metformin and then incubating at 37°C for 47 h. (F) The combined effects of metformin and heating were studied by heating the cells at 39.5°C for 6 h with 30 µM metformin and then incubating at 37°C for 47 h. Experiments were repeated 4--5 times and the representative results are shown.](pone.0087979.g001){#pone-0087979-g001}

Clonogenic death of cancer cells {#s3b}
--------------------------------

[Figures 2A and C](#pone-0087979-g002){ref-type="fig"} show the clonogenically surviving cell fraction of MCF-7 cells and MDA-MD-231 cells, respectively, after a 48 h of incubation at 37°C with 0.5--10 mM metformin alone, or metformin in combination with a 1 h heating at 42°C. The clonogenic survival declined sharply as the metformin concentration was increased up to 5 mM in both cell lines. The incubation with 5 mM metformin at 37°C decreased the survival of MCF-7 and MDA-MB-231 cells to about 60% ([Fig. 2A](#pone-0087979-g002){ref-type="fig"}) and 20% ([Fig. 2C](#pone-0087979-g002){ref-type="fig"}) of control values, respectively. The p53 in MDA-MB-231cells is mutated, which may be the reason why MDA-MB-231 cells are more sensitive than MCF-7 cells to metformin [@pone.0087979-Buzzai1].Treatment with 10 mM metformin was only slightly more effective than that with 5 mM to reduce clonogenic survival in both cell lines. Heating at 42°C for 1 h without metformin reduced clonogenic survival by 20% in MCF-7 cells and 35% in MDA-MB-231 cells, and heating potentiated the effect of metformin at all the metformin concentrations tested, i.e. 0.5--10 mM, in both cell lines ([Figs. 2A and C](#pone-0087979-g002){ref-type="fig"}). We then investigated whether the cell deaths caused by metformin alone or in combination with hyperthermia are related to the AMPK activity by transfecting the cells with AMPK siRNA. The insets in [Figures 2B and D](#pone-0087979-g002){ref-type="fig"} show that AMPK was almost completely blocked by AMPK siRNA transfection in both cell lines. As shown in [Figures 2B and D](#pone-0087979-g002){ref-type="fig"}, the clonogenic deaths caused by metformin alone or in combination with heating were markedly reduced by AMPK siRNA transfection. To clearly assess the role of AMPK in combined effect on cell survival, the survival curves for the combination of heating with metformin were normalized for the cell death caused by heating alone in [Figures 2B and C](#pone-0087979-g002){ref-type="fig"}. It can have seen that AMPK played a critical role in clonogenic cell death caused by metformin alone or in combination with heating. As shown in [Figure 2E](#pone-0087979-g002){ref-type="fig"}, continuous exposure of MCF-7 cells to 30 µM metformin for 18 days reduced cell survival to 78.4% and heating at 39.5°C for 6 h reduced the survival to 80.5%. Cell survival decreased to 54.1% when cells were heated at 39.5°C for 6 h and cultured for 18 days with 30 µM metformin. The combined effect of fever-range hyperthermia for 6 h and continued exposure to metformin on cell survival was merely additive.

![Clonogenic surviving fraction of MCF-7 and MDA-MB-231 cells after treated with hyperthermia and metformin.\
(A, C) Cells were incubated with 0--10 mM of metformin for 48 h at 37°C, or cells were heated at 42°C for 1 h with 0--10 mM metformin or without metformin and then incubated for 47 h at 37°C. After the 48 h metformin treatments, cells were washed and cultured for 18 days in regular media and the colonies formed were counted. Means of 6 experiments ±1 S.E. are shown. The decrease in cell survival by heating alone was statistically significant, and the survival of cells treated with the combination of heating and metformin was statistically smaller than that by metformin alone at all the metformin concentrations tested. (B, D) To elucidate the role of AMPK in the cell death caused by metformin alone or in combination with heating, cells were transfected with AMPK siRNA or control siRNA. The insets are Western blots for AMPK after transfection with control siRNA or AMPK siRNA. The transfected cells were treated with metfomin alone, heat alone or in combination with heating as described above and their clonogenic survival was determined. Cell death caused by the combined treatment was normalized for the death caused by heating alone. Means of 5 experiments ±1 S.E. are shown. The decreases in the effect of metformin by siRNA transfection were statistically significant both at 37°C and 42°C. (E) MCF-7 cells in medium containing 30 µM metformin were heated at 39.5°C for 6 h and then cultured at 37°C for 18 days. The effects of heating alone, metformin alone and combined on % survival of cells are shown. Means of 7 experiments ±1 S.E. are shown. The survival of cells treated with metformin in combination with heating was statistically smaller than that caused by metformin alone and heating alone.](pone.0087979.g002){#pone-0087979-g002}

Cell proliferation {#s3c}
------------------

Incubation with 5 mM metformin markedly suppressed the proliferation of MCF-7 cells ([Fig. 3A](#pone-0087979-g003){ref-type="fig"}). Heating for 1 h at 42°C alone slightly suppressed cell proliferation, but heating significantly enhanced the effect of metformin to suppress cell proliferation. The differences among the results of 4 different treatment groups at 72 h were statistically significant (p\<0.05). As shown in [Figures 3B and C](#pone-0087979-g003){ref-type="fig"}, transfection of MCF-7 cells with AMPK siRNA reduced the effects of metformin alone or with heating to suppress cell proliferation. The immunohistological staining for PCNA expression in MCF-7 ([Fig. 4A](#pone-0087979-g004){ref-type="fig"}) and the ratio of the fluorescence intensity of PCNA to that of DAPI ([Fig. 4B](#pone-0087979-g004){ref-type="fig"}) also demonstrated that cell proliferation was suppressed markedly by metformin and slightly by heating, and to a greater extent by combination of metformin and heating. Silencing AMPK with siRNA suppressed markedly the effects of metformin and only slightly the effect of heating to reduce PCNA expression. Silencing the AMPK activity significantly reduced the effect of combination of heating and metfomin to inhibit PCNA expression.

![Proliferation of MCF-7 human breast cancer cells treated with hyperthermia and metformin.\
Numbers of viable cells (trypan blue excluding cells) were counted with a hemocytometer after incubations for 0--72 h. (A) 37°C; incubated in regular medium. 37°C + Met; incubated in medium containing 5 mM metformin. 42°C; heated at 42°C for 1 h in regular medium and incubated. 42°C + Met; heated at 42°C for 1 h and incubated in medium containing 5 mM metformin. The variances in cell numbers among the 4 groups at 72 h were statistically significant (ANOVA). The cell number of 42°C + Met group was statistically smaller than that of 37°C + Met group by student t-test. (B, C) MCF-7 cells were transfected with control siRNA or AMPK siRNA and the effects of metformin and heating or combined on cell proliferation were studied. Effect of siRNA to suppress the effect of metformin alone or in combination with heating was statistically significant.](pone.0087979.g003){#pone-0087979-g003}

![Cell proliferation was studied with immunostaining for PCNA and DAPI in MCF-7 cells.\
(A) Cells transfected with AMPK siRNA or control siRNA were incubated for 48 h at 37°C with or without 5 mM metformin. The effect of heating at 42°C for the first 1 h of 48 h incubation with or without 5 mM metformin was also studied. Following treatments, cells were immunostained for PCNA and DAPI, and the immunofluorescence intensity of PCNA and DAPI was determined with immunofluorescence microscopy. (B) Ratio of PCNA/DAPI fluorescence intensity observed in A. Means of 5 experiments ±1 S.E. is shown. The decrease in PCNA/DAPI fluorescence intensity by metformin was statistically significant at both 37°C and 42°C, and siRNA transfection significantly reduced the effect of metformin to decrease the PCNA/DAPI fluorescence intensity.](pone.0087979.g004){#pone-0087979-g004}

Cyclins and Cell Cycle Distribution {#s3d}
-----------------------------------

As shown in [Figure 5](#pone-0087979-g005){ref-type="fig"}, in MCF-7 cells, heating at 42°C for 1 h caused little changes in the levels of cyclin A, cyclin B1, cyclin D1 and cyclin E whereas an incubation with 5 mM metformin for 72 h caused a gradual reduction in the level of cyclin D1 but not in other cyclins. The combination of heating and metformin treatment decreased the levels of all the cyclins. [Figure 5B](#pone-0087979-g005){ref-type="fig"} shows that, in both MCF-7 cells and MDA-MB-231 cells, expression of cyclin D1 was almost completely suppressed by the combination of heating and metformin in control cells, but such inhibition of cyclin D1 was markedly suppressed by silencing AMPK with siRNA. These results demonstrated that AMPK plays an important role in the cyclin D1 expression. The change in cell cycle distribution of MCF-7 cells is shown [Figure 5C](#pone-0087979-g005){ref-type="fig"}. Heating at 42°C for 1 h followed by 47 h incubation at 37°C exerted little effect on cell cycle distribution. Incubation with 5 mM metformin for 48 h caused a small increase in G2/M cell population and slight decreases in S cell and G1 cell populations. Although these changes in cell cycle distribution by metformin treatment were small, the changes were statistically significant (p\<0.05). The population of apoptotic cells slightly increased by metformin alone. The 9.8% of cells were apoptotic cell after combined treatment of heating and metformin as compared to 3.6% prior to treatment. This increase in apoptosis was statistically significant (p\<0.05) albeit the increase was small.

![Western blotting of cyclins expression in MCF-7 and MDA-MB-231 cells treated with hyperthermia and metformin.\
(A) 42°C; Cells were heated at 42°C for 1 h and then incubated at 37°C for 24--72 h. Met; Cells were incubated with or without 5 mM metformin for 24--72 h at 37°C. 42°C + Met; Cells were heated at 42°C for 1 h with or without 5 mM metformin and then incubated at 37°C for 24--72 h. (B) Cells were transfected with AMPK siRNA or control siRNA, and incubated with or without 5 mM metformin for 72 h at 37°C. Effects of 1 h heating at 42°C at the inception for 72 h treatment with or without 5 mM metformin were also studied. Representative results out of several repeated studies are shown. (C) Changes in cell cycle distribution after 42°C heating for 1 h followed by 47 h incubation at 37°C, 48 h treatment with 5 mM metformin at 37°C, or combination of heating and metformin. The increase in G2/M cells, decreased in S cells and increase in apoptotic cells by metformin treatment was statistically significant. The increase in apoptotic cell population in the Heat + Met group as compared with that in Met group was statistically significant.](pone.0087979.g005){#pone-0087979-g005}

Cancer Stem cells {#s3e}
-----------------

**CD44^high^/CD24^low^ and CD44^high^/CD24^high^ cells:** [Figure 6A](#pone-0087979-g006){ref-type="fig"} shows the flow cytometry analysis of the effects of metformin and heating alone or combined on the proportions of CD44^high^/CD24^low^ cells, i.e. CSCs, of MCF-7 cells. In a representative study shown in [Figure 6A](#pone-0087979-g006){ref-type="fig"}, incubation of MCF-7 cells with different concentrations of metformin decreased CD44^high^/CD24^low^ cell population in dose dependent manner: 5 mM metformin for 48 h at 37°C decreased the proportion of CD44^high^/CD24^low^ cells from control value of 2.78% to 1.29%. Such decline in the proportions of CD44^high^/CD24^low^ cells indicated that metformin preferentially eliminated CSCs in comparison with non-CSCs. Heating of MCF-7 cells at 42°C for 1 h caused small reduction in the proportion of CD44^high^/CD24^low^ cells, and heating the cells at 42°C for the first 1 h of 48 h treatment with 1 mM or 5 mM metformin reduced the proportions of CD44^high^/CD24^low^ cells to 0.51% and 0.08%, respectively. The results of 4 replicate experiments are summarized in [Figure 6B](#pone-0087979-g006){ref-type="fig"}. The reductions of CSCs by combination of heating and metformin were significantly greater than the reductions by either of them alone. It is clear that heating at 42°C for 1 h potentiated the efficacy of metformin to selectively kill CSCs in MCF-7 cells. [Figure 6C](#pone-0087979-g006){ref-type="fig"} is the representative result of flow cytometry analysis for the effects of heating and metformin alone or combined on the proportion of CD44^high^/CD24^high^ cells, CSCs of MIA PaCa-2 cells. About 6.55% of MIA PaCa-2 cells were CD44^high^/CD24^high^ cells before treatment, and an incubation of the MIA PaCa-2 with 1 mM metformin for 48 h at 37°C decreased the proportion of CD44^high^/CD24^high^ cell to 4.53%. Heating MIA PaCa-2 cells at 42.5°C for 1 h slightly reduced the proportion of CD44^high^/CD24^high^ cells to 5.33%, but heating the cells with 1 mM metformin at 42.5°C reduced the proportion of CD44^high^/CD24^high^ cells to 2.48%.

![Percent of CSCs in MCF-7 human breast cancer cells treated with hyperthermia and metformin.\
(A) Cells were incubated with 0--5 mM metformin for 48 h at 37°C, dispersed to single cells and analyzed for CD44^high^/CD24^low^ cells (CSCs) with FACS. The effect of heating alone was studied by heating the cells at 42°C for 1 h followed by 47 h incubation at 37°C. The combined effect of heating and metformin was studied by heating the cells for 1 h at 42°C with metformin and then incubating at 37°C for 47 h. (B) Experiments described in A were repeated four times and the average of % of CSCs was obtained. Averages of 5 experiments ±1 S.E. are shown. The decreases in CSCs by 1 mM and 5 mM alone were statistically significant. The decrease in CSCs by heating at 42°C for 1 h was also statistically significant. The combinations of heating and metformin were statistically more effective than metformin alone. (C) MIA PaCa-2 cells were incubated with 0--10 mM metformin for 48 h at 37°C, dispersed to single cells and analyzed for CD44^high^/CD24^high^ cells (CSCs) with FACS. The effect of heating alone was studied by heating the cells at 42.5°C for 1 h followed by 47 h incubation at 37°C. The combined effect of heating and metformin was studied by heating the cells for 1 h at 42.5°C with metformin and then incubating at 37°C for 47 h. (D, E) MCF-7 cells were plated in ultralow attachment plate (1,000 cells/plate) in sphere media. Metformin was added to the media (0.5--5 mM), then heating at 42°C for 1 h. Thereafter, the cells were incubated for 8 days under the standard culture conditions. The numbers of spheres with diameter \>50 µm were counted under a microscope. The combinations of heating and metformin were statistically more effective than metformin alone.](pone.0087979.g006){#pone-0087979-g006}

**Sphere Formation:** When 1,000 MCF-7 cells were plated and cultured in ultra-attachment culture plates for 8 days, about 24 spheres were formed, as shown in [Figures 6D and E](#pone-0087979-g006){ref-type="fig"}. The number of sphere formed decreased to 16 when 1,000 MCF-7 cells were cultured with 1 mM metformin. This decrease was statistically significant (p\<0.05). Heating at 42°C for 1 h and subsequent incubation for 8 days at 37°C slightly reduced sphere formation, but heating significantly enhanced to the effect of metformin to inhibit sphere formation. For example, only 12 spheres were formed when cells were treated with heating in combination with 1 mM metformin.

Discussion {#s4}
==========

In the present study, metformin was cytotoxic to MCF-7 and MDA-MB-231 human breast cancer cells and MIA PaCa-2 human pancreatic cancer cells, preferentially to cancer stem cells. Heating at 42°C for 1 h was slightly cytotoxic to cancer cells and cancer stem cells, but it markedly enhanced the cytotoxicity of metformin against cancer cells, preferentially cancer stem cells. The heat-induced enhancement of metformin cytotoxicity appeared to be mediated by potentiation of AMPK activation.

The PTEN/PI3K/Akt/mTOR signaling pathway plays a crucial role in protein synthesis, cell cycle progression, cell proliferation, and cell survival [@pone.0087979-Rattan1]--[@pone.0087979-BenSahra1],[@pone.0087979-Schmelzle1],[@pone.0087979-Zhou2]--[@pone.0087979-Hill1]. It has been known that this pathway is frequently mutated and dysregulated in malignant cells, particularly in CSCs [@pone.0087979-Zhou2]--[@pone.0087979-Hill1]. Apart from Akt, AMPK is a major regulator of mTOR. Whereas Akt upregulates mTOR, AMPK downregulates mTOR. AMPK, a master regulator of cellular energy homeostasis, is activated by an upstream kinase LKB1, a tumor suppressor protein, in response to various cellular stresses. Metformin disrupts mitochondrial respiration, thereby increasing the AMP/ATP ratio leading to activation of AMPK [@pone.0087979-Rattan1]--[@pone.0087979-BenSahra1],[@pone.0087979-Dowling1]--[@pone.0087979-Memmott1],[@pone.0087979-Rocha1]. As shown in [Figure 1](#pone-0087979-g001){ref-type="fig"}, incubation of MCF-7 and MDA-MB-231 cells with 5 mM metformin for 48 h at 37°C significantly increased phosphorylation (activation) of AMPK and reduced expression of p-mTOR. [Figure 2](#pone-0087979-g002){ref-type="fig"} shows that silencing AMPK with siRNA reduced the extent of metformin-induced clonogenic cell death, showing that AMPK/mTOR pathway plays an important role in the metformin-induced cell death.

Heating at 42°C for 1 h also increased the level of p-AMPK and reduced that of p-mTOR ([Fig. 1](#pone-0087979-g001){ref-type="fig"}). To the best of our knowledge, our study is the first to show that hyperthermia activates AMPK, and thereby suppresses mTOR activity. The mechanism underlying the activation of AMPK by heating is unclear, but it would be reasonable to suggest that heating interferes with cellular respiration and thus reduces ATP supply, thereby increasing AMP/ATP ratio leading to AMPK activation. Importantly, the combination of heating and metformin was highly effective to elevate p-AMPK level and to reduce the levels of p-mTOR and its downstream effector p-S6K ([Fig. 1](#pone-0087979-g001){ref-type="fig"}). Such effect on AMPK/mTOR pathway may account for the enhancement of metformin-induced clonogenic cell death by heating ([Fig. 2](#pone-0087979-g002){ref-type="fig"}). In support of this conclusion, inhibition of AMPK with siRNA significantly reduced the combined effects of heating and metformin to cause clonogenic cell death ([Fig. 2](#pone-0087979-g002){ref-type="fig"}). In this context, we [@pone.0087979-Song1] and others [@pone.0087979-Sanli1],[@pone.0087979-Zannella1] reported that irradiation activated AMPK and that irradiation increased the metformin-mediated activation of AMPK.

Metformin suppressed the proliferation of MCF-7 cells as determined both by cell counting ([Fig. 3](#pone-0087979-g003){ref-type="fig"}) and PCNA expression ([Fig. 4](#pone-0087979-g004){ref-type="fig"}). Heating alone slightly reduced cell proliferation but it markedly enhanced the metformin-induced suppression of cell proliferation ([Figs. 3](#pone-0087979-g003){ref-type="fig"} and [4](#pone-0087979-g004){ref-type="fig"}). Inhibition of AMPK with siRNA alleviated the suppression of cell proliferation caused by metformin, alone or in combination with heating ([Figs. 3](#pone-0087979-g003){ref-type="fig"} and [4](#pone-0087979-g004){ref-type="fig"}). These results show that metformin-induced suppression of cell proliferation is dependent on AMPK activity. We investigated whether the suppression of cell proliferation caused by metformin alone or in combination with heating was associated with changes in cyclin activity. In MCF-7 cells, heating alone caused little change in cyclin D1 levels whereas metformin alone caused considerable suppression in the cyclin D1 level ([Fig. 5A](#pone-0087979-g005){ref-type="fig"}). Interestingly, whereas only cyclin D1 was suppressed by the treatment with metformin alone, all cyclin B1, cyclin D1, and cyclin E levels were suppressed when cells were treated with a combination of metformin and heating. The metformin-induced reduction in cyclin D1 level that we observed in the present study is consistent with reports by others that metformin suppresses the levels of cyclin D1 and causes cell cycle arrest at the G1 checkpoint [@pone.0087979-BenSahra1],[@pone.0087979-Alimova1],[@pone.0087979-Zakikhani1],[@pone.0087979-BenSahra2]. Inhibition of AMPK activity in MCF-7 cells by siRNA prohibited the decline in cyclin D1 level caused by the combination of metformin and heating ([Fig. 5B](#pone-0087979-g005){ref-type="fig"}). These results clearly demonstrated that AMPK is an important player in the suppression of cyclin D1 level and cell proliferation by metformin alone or in combination with heating. The decline in cyclin D1 by metformin, particularly in combination with heating, may have suppressed the progression of G1 cells to S phase, as indicated by the reduction of S phase cell population ([Fig. 5C](#pone-0087979-g005){ref-type="fig"}). Metformin treatment also caused G2/M arrest. These perturbations of cell cycle progression together with apoptosis may account for the retardation of cell proliferation by metformin alone or in combination with heating ([Fig. 3](#pone-0087979-g003){ref-type="fig"}).

Emerging evidence indicates that small proportions of cancer cells are cancer stem cells (CSCs) and that all CSCs must be eradicated for complete control of cancer [@pone.0087979-Song1],[@pone.0087979-Hirsch1],[@pone.0087979-Iliopoulos1],[@pone.0087979-AlHajj1]--[@pone.0087979-Bao1]. Incubation of MCF-7 cells with metformin for 48 h at 37°C reduced the proportion of CD44^high^/CD24^low^ cells, known to be the CSCs of breast cancer, in a dose-dependent manner ([Fig. 6](#pone-0087979-g006){ref-type="fig"}). Likewise, metformin also reduced the proportion of CD44^high^/CD24^high^, CSCs of MIA PaCa-2 pancreatic cancer cells. These results clearly indicated that metformin is preferentially cytotoxic to cancer stem cells, relative to non-cancer stem cells, which is in good agreement with recent reports by us as well as others [@pone.0087979-Rattan1],[@pone.0087979-Song1],[@pone.0087979-Hirsch1],[@pone.0087979-Iliopoulos1],[@pone.0087979-VazquezMartin1]. [Figure 6](#pone-0087979-g006){ref-type="fig"} also show that the proportion of CSCs among slightly decreased by heating at 42°C for 1 h. Such a decline in the proportion of CSCs implies that CSCs may be more vulnerable than non-CSCs to heating. This is a significant finding since CSCs has been known to be more resistant than non-CSCs to radiation [@pone.0087979-Song1],[@pone.0087979-Frosina1]--[@pone.0087979-Baumann1] and chemotherapy drugs [@pone.0087979-OBrien1]--[@pone.0087979-Frosina1]. On the contrarily to our results, other investigators recently report that CSCs were resistant to water bath heating as compared with non-CSCs [@pone.0087979-Burke1]. However, these investigators observed that CSCs could be killed by photothermal therapy using multiwalled carbon nanotubes [@pone.0087979-Burke1]. Importantly, we found that that hyperthermia potentiated the efficacy of metformin to selectively eliminate CSCs ([Figs. 6A and C](#pone-0087979-g006){ref-type="fig"}). It remains unclear why CSCs are more susceptible than are non-CSCs to metformin alone or in combination with heating. In view of the increasing evidence that the PI3K/Akt/mTOR survival pathway is activated to a much greater extent in CSCs compared to non-CSCs and [@pone.0087979-Zhou2]--[@pone.0087979-Hill1], it is highly possible that inactivation of mTOR by metformin alone or in combination with hyperthermia is more damaging to CSCs than to non-CSCs. Hyperthermia has been known to sensitize cancer cells to radiotherapy or chemotherapy [@pone.0087979-Sugahara1]--[@pone.0087979-Park1]. Hyperthermia using optically activated gold nanoshells has recently been demonstrated to sensitize breast CSCs to radiotherapy through suppressing the intrinsic capacity of CSCs to repair radiation-induced DNA damage [@pone.0087979-Atkinson1],[@pone.0087979-Pelicci1]. It is of note that, as our present study shows, hyperthermia increases the sensitivity of CSCs to metformin, and we have previously reported that metformin increased the radiosensitivity of CSCs in vitro and markedly increased the response of tumors to radiation [@pone.0087979-Song1]. These observations strongly indicate that combination of hyperthermia, radiation and metformin may be a potentially effective trimodality anti-cancer treatment.

One may ask whether the metformin doses used in our in vitro experiments are relevant to clinical application of metformin for cancer treatment. The plasma metformin concentration of type 2 diabetes patients treated with metformin is constantly elevated to 6--30 µM range [@pone.0087979-Zakikhani1],[@pone.0087979-MartinCastillo1]. Moreover, the metformin concentrations in tissues of diabetic mice have been reported to be several-fold higher than that in circulating blood [@pone.0087979-Wilcock1]. The results shown in [Figure 2E](#pone-0087979-g002){ref-type="fig"} and our previous observation [@pone.0087979-Song1] indicated that continuous exposure to 30 µM metformin kills considerable proportions of cancer cells, and that mild heating at 39.5°C (fever range temperature) for 6 h significantly enhances the effect of 30 µM metformin against cancer cells. In this respect, as shown in [Figure 1F](#pone-0087979-g001){ref-type="fig"}, AMPK/mTOR pathway in MCF-7 cells was activated by 6 h incubation with 30 µM metformin at 37°C or 6 h heating at 39.5°C, and the pathway was further activated by the combination of 30 µM metformin treatment with 39.5°C heating.

Conclusions {#s5}
===========

Metformin killed cancer cells and suppressed the proliferation of cancer cells by downregulating cyclin D1. Hyperthermia alone at 42°C for 1 h was slightly cytotoxic and it markedly potentiated the cytotoxicity of metformin against cancer cells. Importantly, the cytotoxicity of metformin alone or in combination with hyperthermia was significantly greater to CSCs than that to non-CSCs. The major molecular target of metformin alone or in combination with hyperthermia appeared to be AMPK/mTOR pathway. Combination of metformin and hyperthermia was highly effective to activate AMPK. Given that metformin is the drug most widely used by type 2 diabetes patients, and that the drug is relatively safe and inexpensive, combination of metformin and hyperthermia is a potentially useful adjuvant treatment to radiotherapy or chemotherapy for cancer.
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